Iron supplements at doses of 60 mg Fe as FeSO 4 or higher increase hepcidin for up to 24h, and are associated with lower iron absorption on the following day.
Introduction
Anemia affects ≈ 33% of the world population, and accounts for 8.8% of global disability.
1 While the etiology of anemia is multifactorial, iron deficiency (ID) is considered to be the most prevalent cause globally. 1 In the US, ID is estimated to affect 9.2% of females aged 12-49 years.
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Oral iron supplementation with FeSO 4 is a primary approach for the treatment of iron deficiency anemia (IDA). 3 While both daily and intermittent supplementation can replete iron stores and increase hemoglobin levels, 4 iron supplements often cause gastric irritation, nausea, epigastric discomfort and constipation, which may decrease compliance and long term efficacy. 5 The absorption of iron supplements ranges from 2 to 13% and 5 to 28% in subjects with low iron stores 6 when consumed with and without food, respectively. Thus, a majority of the iron is unabsorbed. While its role in the emergence of side effects is uncertain, high iron doses can potentially adversely affect the composition of the gut microbiome and increase inflammation, as assessed by fecal calprotectin levels. 7, 8 Hepcidin is the key regulator of systemic iron balance in mammals, 9 acting in concert with intracellular iron metabolism. [10] [11] [12] [13] Iron supplementation acutely increases the circulating plasma hepcidin level, [14] [15] [16] but the magnitude and duration of this increase has not been characterized in humans. Plasma hepcidin negatively correlates with iron bioavailability 16, 17 and has a circadian increase over the day, in association with a fall in transferrin saturation. 15, 18, 19 Morning iron supplementation enhances this increase in plasma hepcidin, 19 potentially affecting iron absorption from supplements given as divided doses in the morning and in the afternoon.
Iron supplementation recommendations typically advise provision of 60-120 mg Fe/day to treat IDA. [20] [21] [22] Intermittent schedules are advised for primary prevention in young women 23 while in 22 and depends on anemia prevalence. 25 In clinical practice, dose spacing and timing vary widely.
Our aim was to quantify the magnitude and duration of the acute iron-induced increase in hepcidin at different iron doses and to measure the effect of administration on consecutive days on hepcidin, iron absorption, and iron status markers. We measured the fractional and absolute amounts of iron incorporated in red blood cells from iron supplements with the use of stable iron isotopic labels.
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Methods

Subjects
We recruited apparently healthy females aged between 18 and 45 years, with depleted iron stores (defined as PF ≤ 20 µg/L) but no anemia (Hb >117 g/L, the lower limit of the reference range at the University Hospital Zürich). Further inclusion criteria were no chronic medication (except oral contraceptives), no reported chronic disease, no pregnancy or lactation, no blood donation in the last 4 months, non-smoking, no intake of mineral, vitamin or herbal supplements within 2 weeks of study start and during the entire duration of the study, BMI between 18 and 25 kg/m 2 and body weight less than 68kg. We excluded subjects who had a C-reactive protein >5 mg/L at screening.
Design
We conducted three separate studies with the aim of measuring the acute iron-induced increase in hepcidin caused by FeSO 4 supplements while quantifying iron absorption using stable isotopic labels as tracers (Figure 1 ). We monitored plasma hepcidin (PHep) and iron status markers prior administration and up to 48h post administration at 8.00, 12.00 and 17.00. In study 1, using a cross over design, we administered two iron challenges either as 1) single dose or 2) as two doses given on consecutive days. Subjects were randomly assigned to start the study with one of the two treatments. Iron was administered at 8.00h (±1h), in four different iron concentrations (40, 80,160 and 240 mg as elemental Fe). In study 2, we administered two single doses of 60 mg elemental iron at 8.00h on two consecutive days and similarly assessed hepcidin response until 48h post administration. Both study 1 and 2 started with a control day where no supplements were administered. In study 3 we assessed the effect of administering 60 mg Fe twice daily during 24h (three doses in total) on hepcidin levels and iron absorption. In
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Iron supplements and label administration
Each supplement consisted of 36, 56, 76, 156 (Chemgas, Boulogne, France) prepared as previously described. 26 At administration, we rinsed the plastic cup with additional 100 ml water divided in 10 ml and 90 ml to guarantee quantitative administration.
Iron status and oral iron absorption
We characterized all samples collected during the study with the multiplex ELISA method described by Erhardt et al. 27 simultaneously assessing plasma ferritin (PF), the soluble transferrin receptor (sTfR), C-reactive protein (CRP) and alpha acid glycoprotein (AGP) at each time point. We assessed plasma iron (PFe) and total iron binding capacity (TIBC) at all-time points in study 1 by using the methods recommended by the International Committee for Standardization in Hematology, 28 and transferrin saturation (%TS) was calculated with the formula (SFe/TIBC) x 100. We calculated body iron stores (BIS) for study participants at each time point using the formula based on sTfR/PF ratio proposed by Cook et al (2003) . the measured absorption and F 0 the measured PF level in the subject.
Time and dose were defined as fixed effects and subjects as random intercept-effects using a variance component structure matrix. To test the time x dose interaction, an ad hoc variable describing the time between each hepcidin measurement and iron administration was defined.
Due to the generally improved models we used log transformed hepcidin data in the linear
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For difference testing, normality was assessed by visualizing Q-Q plots and difference tests conducted with log-transformed data. When comparing specific control and post supplementation time points, Wilcoxon signed rank tests were used for comparisons in Study 1, where group sample sizes were low (n=6), and normality could not easily be assessed. Paired ttests were used to test for within subject effects for normally distributed data (log-transformed data from study 2 and 3). For between subject effects, independent sample t-tests were used (study 2 vs. study 3). Predictors of iron absorption were assessed using linear mixed models and univariate general linear model with fractional iron absorption (in %) and absolute iron absorption (in mg) as dependent variables and time and dose as factors and iron status markers as covariates.
To investigate at which time point hepcidin concentration best predicted iron absorption, we fitted regression models on the combined datasets of study 1 and 2. The statistical difference between different R 2 in non-nested regression models was tested with Steiger's Z test.
Significance was defined as P<0.05.
Hepcidin and iron status parameters assessed in study 1 and 2 were analyzed using LMM against the concentration on a control day at 8.00 as the reference.
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Results
Iron status
The baseline iron status of the women in studies 1 and 2 are shown in Tables 1 and 2, respectively. Subjects were iron-depleted but not anemic, and there was a low prevalence of iron deficient erythropoiesis as indicated by normal concentrations of sTfR, with the exception of the group receiving 40 mg Fe in study 1, which had an elevated mean sTfR of 8.4 mg/l. In each of the three studies, there was no systemic inflammation as defined by CRP >5 mg/l, or AGP (>1 g/l) at baseline.
Acute effect of iron supplements on iron status markers
With iron administration, %TS increased within 4 h at all doses examined (all P<0.001). The %TS reached a maximum at 4h post administration, with mean (SD) %TS at 61. during the day of administration (17.00, P<0.001) and returned to baseline levels after 24h (not different from baseline levels, Figure 2 ). The sTfR concentration decreased transiently within 4 to 24h after administration of doses of 160 and 240 mg (P<0.01). An increase in PF was detectable from 8 to 24h after administration for all doses, and the concentration remained significantly increased at 24h compared to baseline for the 40, 80 and 160 mg doses, and at 56h for the 240 mg dose (Figure 2 ). Plasma ferritin returned to baseline levels in all dose groups by 14 days after supplement administration. Inflammation, as assessed by CRP and AGP, was not affected by iron administration. (40, 80, 160, 240 mg Fe) 1 1
Acute effect of different Fe doses on hepcidin and iron absorption
In an overall linear mixed model including all data points in the study, time had a significant effect on PHep (P<0.001), and there was a significant time x dose interaction for PHep (P<0.05). For all iron doses tested, supplementation increased PHep at 24h by a factor of 2.7 (95% CI 1.6-4.6). The second dose of iron increased PHep by a factor 2.1 (95% CI 1.2-3.5).
There was a significant increase in PHep at 24h after the doses of 60, Iron absorption was significantly lower on the second day of administration (day 10) compared to the first day of administration (day 2 and day 9; P<0.001). There was no significant difference in absorption when the supplement was administered as the first dose on day 2 or day 9. The fractional absorption from the second dose of 80 mg, 160 mg and 240 mg iron was 37%, 35%
and 45% lower, respectively, compared to the first iron dose (all P<0.01). Absorption of the second dose of 40 mg iron was 20% lower than when 40 mg was administered as a single dose on day 2 and day 9; fractional absorption did not differ between day 9 and 10 (P=0.19), but fractional absorption on day 9 was lower than on day 2 (P=0.040).
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With 60 mg Fe PHep increases and iron absorption decreases at 24h.
In study 2, there was a significant effect of time on PHep (P<0.001); at 24h post administration PHep increased by a factor of 2.2 (95% CI 1.48-3.24). Two doses given on consecutive days at 8.00 resulted in a PHep at 8.00 on the third day that was 1.5 (95% CI 1.01-2.22) fold higher than the baseline value at the start of the study. From 8.00 to 17.00, PHep increased by a factor of 7.0 (95% CI 4.7-10.6) and 1.76 (95%CI 1.19-2.60) with and without iron, respectively. Fractional iron absorption decreased by 36% when 60 mg iron was administered on the second day compared to the first day (P<0.001) (Figure 3) .
In study 3, twice daily administration of 60 mg iron at 10.00 and 16.00 resulted in a higher PHep at 8.00 am on the following day compared to once daily administration (independent sample ttest, P<0.01); PHep increased by a factor of 6.7 (95% CI: 4.1-10.8) compared to baseline (Figure 4) . Iron absorption from the afternoon dose decreased by 26% compared to the first morning dose (P<0.01). Iron absorption from the successive morning doses decreased by 43% compared to the first dose 24h earlier (P<0.01) and was 20% lower than the afternoon dose given on the preceding day (P<0.01). The absorption of the third dose given in the morning of day 2 in the twice daily administration study was >50% lower than the absorption measured on day 2 in study 2, when no afternoon dosage was given (P<0.05). Absolute iron absorption from a dose of 60 mg given at 08.00 was 13.8 mg when there was no preceding dose, 8.8 mg Fe when given after a single morning dose on the preceding day, and 5.9 mg Fe when given after For personal use only. on December 4, 2015. by guest www.bloodjournal.org From twice-daily dosing on the preceding day ( Table 2 ). The total iron absorbed was 23.6 mg Fe if 3 doses were administered within 24h, compared to 22.6 mg Fe when only the two morning doses were given (P=0.79).
Total iron absorbed
The total amount of iron absorbed from the supplements was generally higher with increasing dose (P<0.001). For the first and second doses, respectively, the relationship between dose administered and dose absorbed was best predicted by the formulas (Figure 5 Total iron absorbed from the 160 and 240 mg doses was significantly higher than that absorbed from the 40, 60, 80 mg doses (P<0.05), but were not significantly different from each other.
Predictors of iron absorption
The logarithm of fractional iron absorption was best predicted by a model including body iron BIS measured at time of iron administration resulted in higher R 2 coefficients than when these measures were assessed only at the start of the study (Table 3) .
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Fractional iron absorption of the first dose was best predicted by a model including solely BIS measured at time of iron administration, explaining 65% of the variability in fractional iron absorption (Table 4) , in this case PHep was not a significant predictor. This was in contrast to the models explaining fractional absorption of the second dose where BIS combined with PHep explained 79% of data variability (Table 4) . PHep only significantly contributed to prediction of absorption of the second dose when either the PHep at 8.00h on the preceding day was used, or when the increase in PHep between 8.00h and 17.00h on the preceding day was used. In contrast, PHep concentration measured at the time of administration of the second iron dose did not contribute to the model beyond the effect of BIS.
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Discussion
In iron depleted young women, oral iron doses of 60, 80, 160 and 240 mg Fe given in the morning acutely increased PHep on the same day and 24h later. This increase was strongly associated with decreased absorption from the second iron dose, given 24hr after the first.
Providing 60 mg of iron twice daily amplified the PHep increase and decreased the fractional absorption of both the afternoon dose and the next morning dose, so that total iron absorbed from the three doses (two mornings and afternoon) was not different to that from two morning doses. While these results require confirmation in longer term supplementation schedules, the short term effects observed on hepcidin suggest that oral iron at doses of 60 mg or greater will result in higher fractional absorption when dosages are spaced 48h. For 40 mg iron we found borderline effects. Similarly, hepcidin profiles after supplementation indicate that increasing the interval between doses to more than 48hr would not result in higher absorption than dosing at 48hr intervals, although we did not test this directly. The WHO recommends intermittent iron supplementation in children 33 and menstruating women, 34 proposing as the rationale a mucosal block in enterocytes lasting for 5-6 days. Our data, based on the acute effect of supplements on hepcidin, suggest that 48 hours, not 5 or 6 days, is sufficient for iron absorption to return to baseline.
We investigated which iron status parameter best predicted iron absorption and the best overall independent from systemic signals. 35, 36 In the models predicting the first dose absorption, only BIS was a significant predictor and not hepcidin. By contrast, for absorption of the second dose, both BIS and PHep are predictors of absorption, and overall prediction increased (R 2 =0.791 vs R 2 =0.650) relative to the first dose. Interestingly, the level of PHep on the preceding day (8.00) and its increase from 8.00-17.00 significantly contributed to explaining Fe absorption, but PHep at the time of administration did not. Both these observations are consistent with the concept that a PHep surge results in ferroportin degradation, 37 the re-synthesis of which would be inhibited in iron-deficient enterocytes. 11 The variation in the absorption data is not fully explained by iron markers and PHep: it is possible that the remaining variance -besides analytical variation-is explained by effects on absorption modulated via the iron regulatory protein/iron responsive elements (IRP/IRE) system, 11 HIF2α, 10, 12, 13 or H-ferritin related intra-enterocyte functions.
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In our data, in absence of inflammation and infection, BIS appears to be the best predictor of iron absorption. These findings are consistent with those from a recent study in anemic patients, where after completion of treatment for malaria a measure of BIS (the TfR/PF index) was the strongest predictor of absorption, but during malaria and the 3 days of treatment, PHep, together with CRP, were the best predictors.
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Consistent with previous reports in humans, we show that the PHep increase after acute oral iron doses parallels an increase in transferrin saturation, 15, 19 which is followed by a transient increase in PF that then returns to baseline after 14 days. 40 The observed effect in iron-depleted subjects suggests that intracellular ferritin may be elevated by oral iron though a mechanism
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We show clear differences in absorption depending on dose spacing when doses are higher than 40 mg. Our results contrast with those from an earlier study comparing daily with weekly supplementation 6 that found only a non-significant decrease in iron absorption (13%) during daily supplementation with 50 mg Fe. 6 The reasons for this difference may be linked to dose, but may be more likely due to greater inhibition immediately after beginning supplementation because short-term dietary changes appear to induce stronger inhibitory or enhancing effects on iron absorption. 31, 32 In animal models, it has been suggested that PHep response to an iron challenge is differentially regulated with chronic and acute iron administration. 41 A follow up study to investigate longer-term alternate day iron supplementation is currently being planned in our laboratory.
Strengths of this study include: a) we tested a wide range of iron doses from 40 to 240 mg Fe; b) we studied young women, a target group for iron supplementation; c) each subject acted as her own control for the iron absorption measurements and PHep profiles; and d) iron absorption and PHep profiles were accurately quantified by using stable iron isotope techniques and a c-ELISA with high sensitivity. 30 Limitations of our study include: a) we tested relatively small numbers of subjects because of the logistics and expense of employing stable iron isotopes; b) our studies were limited to a supplementation phase of 2 days; and c) we did not study subjects with anemia, who may respond differently to iron supplementation than our iron-depleted, nonanemic subjects.
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In conclusion, our data show that fractional absorption in iron-depleted women is highest at low iron doses (40-80 mg) and that acute, consecutive day dosing results in decreased iron bioavailability. For total iron absorption, twice daily iron supplementation seems to have limited additional effect compared to daily administration. These findings emphasize the need to study longer term, alternate day schedules of iron supplementation and advocate the hypothesis that low dose iron given on alternate days may maximize fractional iron absorption, increase dosage efficacy, reduce gastrointestinal exposure to unabsorbed iron, and ultimately improve tolerance of iron supplements. b M e a n s (  S  D  ) . , fasting subjects received 40, 80, 160, 240 mg Fe at 8h and were randomly allocated to start the study either with single or with consecutive day doses (cross over design). Subjects acted as their own controls. Hepcidin and iron status was assessed at 8h,12h, 17h (day1-2) and at 8h on days 3, 4 and 5 (single dose schedule) or at 8h,12h, 17h (day1-3) and 8h on days 4 and 5 (consecutive dose schedule). Panel B indicates study 2 (n=16) which foresaw only one week of supplementation and only two consecutive 60 mg Fe doses. Panel C pictures the study design of study 3 (n=13) where bidaily supplementation was tested: For that aim, the diet of the subjects was controlled between subjects to maintain at least 3h of fasting between iron dosages, which were given at 10h and at 16h after a standardized breakfast and lunch, respectively. A full description and more detailed representation of the study design are available as online supplemental material). Numbers refer to consecutive study days. LFe: labeled iron supplement administration; L: determination of isotopic composition (iron absorption). , fasting subjects received 40, 80, 160, 240 mg Fe at 8h and were randomly allocated to start the study either with single or with consecutive day doses (cross over design). Subjects acted as their own controls. Hepcidin and iron status was assessed at 8h,12h, 17h (day1-2) and at 8h on days 3, 4 and 5 (single dose schedule) or at 8h,12h, 17h (day1-3) and 8h on days 4 and 5 (consecutive dose schedule). Panel B indicates study 2 (n=16) which foresaw only one week of supplementation and only two consecutive 60 mg Fe doses. Panel C pictures the study design of study 3 (n=13) where bi-daily supplementation was tested: For that aim, the diet of the subjects was controlled between subjects to maintain at least 3h of fasting between iron dosages, which were given at 10h and at 16h after a standardized breakfast and lunch, respectively. A full description and more detailed representation of the study design are available as online supplemental material). Numbers refer to consecutive study days. LFe: labeled iron supplement administration; L: determination of isotopic composition (iron absorption). . Absorption data are standardized to a plasma ferritin level of 15µg/L.
